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(57) Abstract: The invention relates to a 
device and method for generating liquid 
capillary streams of multi-component 
immiscible liquids, the diameter of which 
may range from tens of nanometers to 
hundreds of microns and to a relatively 
monodispersed aerosol of electrically 
charged multi-component droplets 
generated by rupture of the streams due 
to capillary instabilities. Said inmiiscible 
liquids flow at appropriate volumes through 
metal needles that are connected to a high 
voltage source in such a way that all the 
needles are contained inside one needle. 
The needles may or may not be placed 
concentrically relative to one another, llie 
elecUic forces extrude the streams thereby 
resulting in diameters ranging from 100 
microns to a few nanometers. The device 
and method disclosed in tlie invention can 
be used in fields such as materials science 
and food technology, wherever generation 
and controlled handling of structured 
micrometric and nanometric sized streams 
is an essential part of the process. 
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(57) Resumen: Esia tnvcncidn describe un dispositivo y proccdimienU) para generar chorros liquidos capilarcs compuestos multi- 
componentes de liquidos inmiscibles cuyos diametros pueden variar desde unas decenas de nanometros hasta cientos de micras, asi 
como un aerosol relalivamenle monodisperso de golas multicomponentes, cargadas electricamente. generadas mediante la rotura por 
ineslabilidades capilares de los chorros compuestos. Dichos liquidos inmiscibles fluyen, a caudales apropiados, a travds de agujas 
metdlicas conectadas a fuentes de alto voltaje, de tal modo que una de las agujas contiene en su interior a las demds, pudiento o 
no situarsc concentricamente entre si. Las fuerzas eldctricas cxtrusionan los chorros hasta conseguir diametros en un rango desde 
100 micras hasta pocos nandmetros. EI dispositivo y procedimiento objetos de la presente invencidn son aplicables a campos como 
Ciencia dc los Materials y Technologia de Alimentos. donde la generacion y manipulacidn conlrolada de chorros estructurados de 
tamano micro o nanometrico sea parte esencial del proceso. 
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DEVICE AND PROCEDURE TO GENERATE STEADY COIVIPOUND JETS 
OF IMIVUSOBLE UQUIDS AWD MICRO/NANOMETMC SIZED 

C^SULES. 

5 

OB J15CT OF THE imTENTION , 

The object of tlic present invention is a procedure to generate electrified compound 
jets of several immiscible liquids with diameters i-anging fiom a few lens of 
10 nanometers to hundred of microns as;weH as tlie relatively monodisperse aerosol of 
compound droplets resulting &om tlie break up of the jets by varicose instabilities. An 
outer liquid enclosing an inner one (or several ones) is the typical structure of such 
droplets. 

j 
I 

15 Liquids arc injected at appropriate flow rates throughout metallic needles coimected to 
high voltage supplies. The needles can be arranged either concentrically or one of 
tlicm surrounding the others. Moreover, if the electrical conductivity of one or more 
liquid is sufficiently high, then the liquid can he charged through its bulk, hi that case 
a non-metallic needle (i.e. silica hibe) can be used to mject the hquid. 

20 ' 

The device and procedure of the present hiveution are appUcable to fields such as 
Material Science, Food Technology, Di-ug DeUveiy, etc. ha feet, this procedure can be 
of interest in any field or teclmological'applicatioja where the generation and control of 
compound jets of micro and naiiometiic size play an essenlial role of the process. 

25 ; . • . 

STATE OF THE ART 

hi this invemion, Ihc electro hydrodynaniic (BHD) forces are used to generate coaxial 
jets and to stretch ihexn out to the desired sizes. For appropiiate operating conditions, a 
30 liquid flow rate, in the form of a micrd/nanometric-sized jet, is issued from the vertex 
of a Taylor cone! For appropriate operating conditions, a hquid flow rate, in the forua 
of a niicro/nanomeiric jet, is issued fi om the vertex of a Taylor cone. The break up of 
tins jct gives IaSc to an aerosol of charged droplets, v/luch is called clccuospray. Tliis 
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coiifiguration is widely biowu as electrospray in the coue-jet mode QyL Cloupeau and 
Pnmet-Foch, X Electrostatics, 22, 135-159, 1992). The scaling laws for the emitted 
cmient and die droplet si2;e of the electrospray are given in the literature (J, Fernandez 
de la Mora & L G. Losccrtales, X Fluid Mech. 260, 155-184, 1994; A.M. Gafifin- 
5 Calvo, J. DAvila & A. Baxrero, J. Aerosol Sci., 28, 249-275, 1997, A. M. Gafian-Calvo, 
Phys. Rev. Lett. 79, 217-220, 1997; RJP A Hartoaan, DJ Bnmner, D.MJ^ Camelot, 
J.CM. Marijnisscn, &B, Scarlett, J. Aerosol ScL 30. 823-849, 1999), Electrospray is a 
technique which has satisfactory proved its ability to generate steady liquid jets and 
monodisperse' aerosols with sizes rajigmg 6om a few nanometers to hundred of 

10 microns (IG- Loscertales & J. Fem&xdez de la Moxa, J. Chcm. Phys. 103, 5041-5060, 
1995.)* On die other hand, in all reported electrospray experixnentSi a unique liquid (or 
solution) fonns the Taylor cone, except in the procedure described in the US 5122670 
patent (and sub-sequent patents: US4977785, US4885076, and US575183). In tlic first 
patent, "Multilayer flow electrospray ion source using improved sheafh liquid (1991)", 

115 two or more nxiscible liquids are properly iryected to be mixed in the Taylor cone to 
improve the transmission of ions, and the stability and sensitivity of a mass 
spectrotneter. 

The novelty of the present invention lies on the use of two or more immiscible liquids 
20 (or poorly iniscible) to fom, by means of BHD forces, a smicliu-ed Taylor cone 
surrounded by a dielectric atmosphere ^(gas; liquid, or vacuum), see figure 1. An outer 
meniscus smxounding the inner ones fdrms the structure of die cone. A liquid tlnread is 
issued j&om the vertex of each one of the mcuisci in such a way that a compoujid jet of 
co-flowing liquids is eventually - formed. The structured, lughly charged 
25 iwicro/nanometiic jet, which is issued! from the vertex of die Taylor cone, breaks up 
eventually fonxdng a spray of structured, higlily charged, monodispcrse 
niicro/nanometric droplets. Tlie Kcmx ' structured jet as used herein refej-s to either 
quasi-cylindrical coaxial jets or a jet siirrounding the others. The outer diameter of die 
jet ranges from 50 microns to a few nanometers. The tmxk spray of structured, highly 
30 charged, monodispcrse, micro/nanomeiric droplets as used herein refers to charged 
dioplets formed by concentric layers! of dilferent liquids or by an outer droplet of 
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liquid surrounding smaller droplets of immiscible liquids (or emulsions), Tlie outer 
diameter of the dix)plets ranges from 100 microns to a few of nauoractcrs. 

Aji advantage of the present invention lies on the fact that the resulting droplets have 
an uniform size/ and that, depending pf the propeilies of die liquids aaid the injected 
flow rates, such a size can be easily varied from tens of microns to a few nanometers. 

Another advantage of this invention results firom the fact that tlie jet break up gives 
rise to structured niicro/nanometric droplets. In some particular applications, the outer 
liquid is a solution containijag monomers, which under apprq)riftte excitation 

polymerize to produce raicro/naaometric capsules. 

i 

I 

In those cases where uncharged droplets are required, the aerosol can be easily 
neutialized by corona discharge. 

DESCRIPTION OF THE INVENTION 

I 

The objects of the present invention 'are die procedure and the device to generate 
steady compound jets of immiscible liquids and capsules of mitro and nanometric 
size. • 

The device consists of a number N of feeding lips of N liquids, such that a flow rate Qi 
of the i-th liquid flows tlirougli the i-th feeding tip, where 2 is a value between 1 and N. 
The feeding tips aie arranged concentrically and each feeding tip is connected to an 
, electric potential; K/ with respect to a reference electrode. Tlie i-th Uquid ibat flows 
througli the t-th feeding tip is immiscible or poorly miscible with liquids (i-^JJ-th and 
(i'lyOu An electrified capillary structured meniscus with noticeable conical shape 
fomis at the e;ut of the feeding lips, A steady capillary coaxial jet, formed by the N 
liquids, such that the i-th liquid surrounds the (i^l)-ih liquid, issues from the cone 
apex. Furthermore, such capillary jet has* a diameter ranging typically firom 100 
microns and 15 nanomelei-s. This diameter is much smaller than tlxe diameters of the 
feeding tips of the iV Uquids. I 
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The feeding tips may be also ananged requiribug that only the outer liquid suxiound the 
rest of the feediug tips- La Ubis caso,! at the exit of the feeding tips, it is- fonned an 
electrified capillaiy meniscus with noticeable conical shape, whose apex issues an 
steady capillary compound jet formed.by theiVco-flo^ving liquids, in such a way that 
5 liquid J sutrounds (he rest of the liquids. 

The N feeding tips of the device have diameters that may vary between 0,01 mm and 5 

The flow rates of the liquids flowing through the feeding tips may vary between lOr^^ 
m% and 17^ m^/s. 

IQ When the dislaiice between the feeding tip and the reference electrode is between 
0,0 Jmm and San, the applied electric potential has to be between 10 Kand 30 KK 

In the particular case in wliich the device object of the present invention 
comprises: 

15 a) A feeding tip 1 tbrougli which liquid 1 flows at a flow rate Qj and it is connected to 
an electric potential Vf 

b) A feeding lip 2 through which liquid 2 flows at a flow rare Qj and it is coimected to 
an electric potential Kj. 

Anangcd such tliat the feeding tip 2 is; surroimded by liquid 1 and such tliat Vj and 
20 axe difTereiitial values with respect to an electrode comiected to a reference potential. 
Liquids 1 and 2 are immiscible or poorly miscible. 

An electrij&ed capillary meniscus with noticeable conical shape forms at the exit of the 
feeding lips. A steady capillary jet formed by liquids 1 and 2, such that liquid / 
completely surrounds liquid 2 issues :iTom the cone apex. Such capillary jet has a 
25 diauieter, which 'may be between 100 niicrons and 15 nanometers, which is smaller 
than the characteristic diameter of the electrified capillary liquid meniscus from which 
it is emitted. 

The procedure object of the present iiivention will produce steady compound liquid 
30 jets and capsules of nucro and nanometric size by flowing N flow rates Qi of different 
liquids througli each of the N feeding tips of the device previously described such that 
the i-rt liquid which flows through the i-th feeding tip, surrounds the (i-^l)-th feeding 
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tip, and it is immiscible o poorly mlscible witli liquids (H)^th and (i^l)'th. At the exit 
of the feeding 'points it is formed 'an electrified capiUaiy liquid meniscus with 
noticeable conical shape whose apex issues an steady capiliaiy coaxial jet foimed by 
the N liquids, such that the i-th liquid Wounds the (i-^iyth liquid. Such capillary jet 
5 has a diameter, which may be between 100 microns and 15 nanometers. This diameter 
is considerably smaller than the characteristic diameter of the electrified capillary 
liquid meniscus -from which is emitted. Capsules whose size may vary between 100 

microns and 15 nanometers are formed after spontaneous jet break up. 

i . 

10 This procedui'e may be also realized but requiring tliat only the external liquid 

surroimds all the feeding tips, hii that case, an electrified capillary liquid meniscus is 
fomaed, whose shape is noticeably conical, and ftom whose apex issues a steady 
capillary jet fomied by ttie JV co-flowing Uquids, such that liquid 1 suxrounds the rest 
of liquids. 

15 . I . 

Finally, they are also object of the present invention the multilayered capsules 
spoutaueously formed after the break :up of the capillary jet generated by the device 
and procedure here mentioned. 

20 BRIEF DJESCBIPTION OF THE mIgURE 

Figure 1: Sketch of the device used to produce compotmd hquid jets of mici-o and 
nanomctric size. 
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DETAILED DESCRIFriON OF THE INVEimON 

Ott the forcgomg, we described two possible coafigumious tliat allow setting up a 
flow of two iimxidscible liquids that, by tho-unique action of the electro hydrodynamic 
5 (BHD) forces, results m the fbimadon'of a steady, struQtujrcdy tuicro/naaometdc sized 
capillary jeL Tb^s structured micro/nanometric sized capillaiy jet is inun^ed in a 
dielectric atmosphere (immiscible wiUi Uie outenuost liquid forming.the jet) that might 
be a gas, a liquid or vacuum. 

10 The basic device used in both configurations coixiprises: (1) a mean lo feed a first 
liquid i through a metallic lube Tjj whose imer diameter ranges approximately 
between 1 aad 0,4 mm, respectively; (2) a mean to feed a second liquid 2^ immiscible 
with Hquid /, Uiiough a metallic tube Tj, whose outer diameter is smaller tlian the 
inner diameter of Tj, hi this case, Tj and Ti are concentric. The end of the tubes does 

15 not need to be located at the same axial position; (3) a reference electrode, a metallic 
axmulus for instance, placed in front of the needle exits at a distance betcveen 0.01 
and 50 mm\ the axis of the hole of the annulus is aligned with the axis of Tj; (4) a high 
voltage power supply, with one pole comiected to Ti and the other pole connected to 
the reference electrode. Ti ' and might not be connected to the same electric 

20 potential. All tlie elements are immersed in a dielectric atmosphere that might be a gas, 
a hquid immiscible with liquid or vacuum. A part of the generated aerosol, or even 
the stiuctured jet, may be extracted through the orifice in (3) to characterize it or lo 
process it. I 

25 The EI-ID forces must act, at least, ou one of the tvvo liquids, aUhougli they may act on 
both. We term driver liquid the one upon which the EHD forces act to form the Taylor 
cone. In the first configuration, the driver liquid flows thi'Ough the annular space left 
betwreeu 7/ and T^, whereas m the secoiid configuration \X\^ driver liquid flows through 
12, and tl\e second liquid flows tluough the annular gap between T; and Ti^ lii any 

30 case, the electrical conductivity of the driver liquid must have a value sufficiently liigh 
lo allow the fomiatiou of the Taylor cone. 
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Referring to the' first configuration, when liquid / (the driver liquid) is injected at an 
appropriate flow rate Qi and an appropriate value of the electiic potoitial difference is 
applied between T/ and (3) and, hquid 1 develops a Taylor cone, whose apex issues a 
steady charged inicro/nanonietiic jet (steady cone-jet mode). The chai'acteristic conical 
5 shape of the Hqiiid meniscus is due to a balance between tlie surface tension and the 
electric forces acting simultaneously and the meniscus surface. The liquid motion is 
caused by the electric tangential stress acting on the meniscus surface, pulling the 
• liquid towards the tip of tlie Taylor cone. At some point, the mechanical equilibrium 
just described fails, so that Uie meniscus surface changes from conical to cylindrical: 

10 The reasons behind the equihbrium failure, might be due, d^ending on the operation 
regune, to the kinetic energy of the liquid or to the finite value of the liquid electrical 
conductivity. The liquid thus ejected; due to the EHD force, must be coutinuonsiy 
made up for an appropriate injection of liquid through in order to achieve a steady 
state; let Qi be the flow rate fed to Th The stability of tliis pjcecujcsor state may well be 

15 characterised by momtoring the electric current /transported by the jet and the aerosol 
collected at (3). Depending on the propeities of liquid 1 and on (2;, the liquid motion 
inside the Taylor cone may be donunated by viscosity, in which case, the liquid 
velocity everywhere inside the cone is mainly pointing towards the cone tip. 
Otherwise, the flow inside the cone may exhibit strong re-circulations, which must be 

20 avoided to produce structured xnicro/nanometric jets. Provided the flow is dominated 
by viscosity, one may then proceed to fpnn the structured micro/nanometric jet To do 
that, one must contuiuously supply liquid 2 through 2}. The* meniscus of hquid 2, 
which develops ijnside the Taylor cone'fomied by liquid 1, is sucked towards the cone 
tip by the motion of hquid / . Under certain operation conditions, winch depend on the 

25 properties of both liquids (and on the liquid-Uquid properties), the meniscus of hquid 2 
may develop a coixical tip Irom wliich a micro/nanometric jet is extracted by the 
motion of liquid /. hi Uiis situation, there may exist regimes where the jet of liquid 2 
flows coaxially with hquid L As before, liquid 2 must contmuously be supplied to T2 
(say at a flow rate O2) in order to achieve a steady stale. 

30 ; 

Wlieu the device operates in tlie second configuration, the procedure is analogous, 
except that the mclicn of the driver Hquid does net need to be dominated by viscosiiy. 
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I 

Our experiments suggest that fontiadou of coaxial liquid jets requires that the values 
of the surface tension of the diiferezit'jQiuid pairs appearing in the problem satisfy the 
inequality a^- > CTot, where cja,- is the surface tension of liquid 2 and the dielectric 
5 atmosphere, aao is the surface tension of liquid / and the dielectric atmosphere, and Coi 
is the interfacial tension liquid /-liquid 2, respectively. 

To give an idea of the typical values of the different parameteis appearing in the 
process, the next table collects experimental measurements of the electric current 
10 transported by the jet for different flow rates of £he inner liquid keepmg fixed the flow 
rate of the outer liquid. 

t i 

Qf « 50 pVmin 



Q] (nl/iuia.) 


0.67 


0.83 


1.17 


1.50 


1.84 


2.1T 


/0*Anjp.) 


1.1 . 


U 


1.5 


1.7 


1.9 


2.0 



\5 NoticB that in this example,* corresponding to the case -where (2/ is much larger than 
jg2, the value of the current / follows the well-inown electrospray law lac Qi^, 

To produce nanomebdc capsules through the procedure of the present invention a 
photopolymer may be used as external liquid. Indeed, the break up of the stmctured jet 
20 by the action of capillary ^stabilities gives place to the formation of an aerosol of 
structured droplets wliich, under the action of a source of ultraviolet light, allows to 
encapsulate the innei* liquid. 
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CLAIMS 

1. - Device to produce steady compound Hiulti-cojoiponent liquid jets and micro and 
naiiometric sized capsules, consisting of a number N of feeding tips of TV liquids, such 

5 tliat the i-th liquid is injected at a fl9w rate Qi tlurough the i-th tip, where / vaiics 
between 1 and K The feeding tips are arranged such that the (i-l)-th liquid surrounds 
the i-th lip, and each tip is connected to an cleclrical potential Vi with respect to a 
reference electrode. The i-th liquid, which flows trough the i-th tip, is immiscible or 
poorly miscible with hquids (i-^iyth and (i-l)'tK An electrified capillaiy liquid 

10 meniscus witli a noticeable conical shape forms at the feeding points exit in such a 
way that from the cone apex issues i steady capillary jet made up of the N liquids, ' 
such that the liquid suaounds the Uh liquid, and such that the diameter of the 
capillary jet has a value between 100 microns and 15 nanometers which is much 
smaller than the; characteristic, diameter of the liquid meniscus from which die jet is 

15 emitted. 

2. - Device to produce steady compound multicomponent liquid jets and micro and 
nanometric sized capsules, consisting of anumberiV^ of feeding tips of TV liquids, such 
that the i-th liquid is injected at a flow rate Qf flirough the i-th tip, where i varies 

20 between I and The feeding tips are arranged such that hquid 1 surrounds all the 
other fecdmg pomts. liqmd 1 is inxauscible or poorly nuscible \vith the rest of liquids. 
Each feeding point is connected to an electrical potential Yu where i varies from / to 
//, respect to a reference electrode. An electrified capillary liquid meniscus with a 
. noticeable conical shape forms at the feeding pomts exit in such a way that from the 

25 cone apex issues a steady capillaiy jet made up of (he N liquids, so tliat liquid / 
suiTounds the rest of liquids, and such that tlxe diameter of this capillaiy jet has a value 
between 100 microns and 15 nanon^eters which is much sjnaller tiian llie char acteristic 
diameter of the clectiified liquid meijiscus from which the jet is emitted. 

30 3. - Device to produce steady compound multicomponent hquid jets and micro and 
nanomcuic sized capsules of clahus 1 and 2, where the diametei-s of the N feeding tips 
have values bet-iveen 0,01 aun arAil 5 mfi. 
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4. - Device to produce steady compo.uad multicompoueat liquid jets and micro m\d 
uanonietric sized capsules of claims )[-3, where the flow rate of the liquid flowing 
through the outennost feeding lip has^ a value between 10'^'^ 7n3/s and 10'^ m^/s, and 

5 where the jQiow rates of the liquids flowing through each of Uxe other feeding lips have 
values between 1(T^^ m^/s and 10'^ m^/s. 

5. - Device to produce steady compound multlcomponent liquid jets and micro and 
nanometiic sized capsules of claims; 1-4, characien7;ed such that for a separation 

10 between a feeding tip and the cledrodo of reference of a value between 0,01 mm and 5 
c/rt, the applied elecUic potential has to be between 10 volts and 30 Kvplts. 

• , I 

6. " Device to produce steady compound bi-component liquid jet and micro and 
nanometric sized capsules of claiins 1-5, where the number of feeding pomts 2, 

15 comprising: ; 

a) A first feeding tip i through which a liquid / flows at a rate Qi connected to an 
electric potential Vj. 

b) A second; feedbg tip 2 tliroughyhich a liquid 2 flows at a rate comiected to 
an electric potential V2 

20 such that the feeding tip 2 is surrounded by liquid i, and the values of Vi and V2 are 
differential values with respect to a. reference electrode connected to a reference 
potential, such that liquids 1 and 2 are ioooniscible or poorly niiscible, forming at the 
exit of die feeding tips an electrified capillaiy liquid meniscus with a noticeable 
conical shape, whose apex issues an steady capillary Jet formed by both liquids I and 

25 2, such tliat liquid 1 completely suiTOUiids liquid 2, and such that the diameter of Uie 
jet has a value between 200 microns and 75 nanometers which is smaller than die 
characteristic diameter of tine electrified capillary liquid meniscus fiom which it is 
emitted. j 

30 ?• - Procedui e to generate steady compound multicomponent liquid jets and micro and 
nanometric sized capsules of claims 1, 3, 4 and 5, such that an i-th liquid at a flow rate 
Qi flows througli the i-lh tip, where / vaiies between 1 and //, and each tip is connected 
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to au electrical potential Vi with respect to a reference elecli"ode. Tlie Uh liquid, which 
flows tiough Hie i-th lip, is immiscible or poorly uiiscible with Hqiiids (i+l)-th and (i- 
lytlu An electrified capillazy liquid meniscus with a noticeable conical shape foims at 
the feeding points exit in such a way that from the cojue apex issues a steady capiJiary 
5 jet made up of the N liquids, such that' the fi-iJ-fA liquid surrounds the i-(h liquid, and 
such that the dianxeter of the capillary jet has a value between 100 microns and 15 
nanometers which is much smaller than the characteristic diameter of the Uquid 
meniscus from which the jet is emitted. The spontaneous break up of the jet thus 
* • fomuug capsules widi diameters betweeja 100 xiucrous and 15 nanoit^^^ 

I 

8. - Procedure to generate steady compound multicomponent Uquid jets and micix) and 
nanometrio sized capsules of claims J/S, 4 and 5, such that an i-ih liquid at a flow rate 
Qi jioy,s througti the i-th tip, where I varies between / and JV. The feeding tips are 
axrauged such that liquid / smrounds all the other feeding points. Liquid J is 

15 immiscible or poorly luiscible with the I'est of liquids. Each feeding point is coimected 
to an electrical ^potential whexe / varies liom 1 to respect to a reference 
electrode. Ai\ electiified capillary liquid meniscus with a noticeable conical shape 
forms at the feeding points exit in such away that from tibie cone apex issues a steady 
capillary jet luade up of die liquids, so fliat liquid I smxounds die rest of liquids, and 

20 such that the diameter of this capillary jet has a value between 100 microns and 15 
nanometers wliich is much smaller than die characteiistic diameter of the electrified 
liquid meniscus from which the jet is emitted. The spontaneous break up of the jet tlms 
forming capsides witli diameters between 100 microns and 15 nanometers. 

s 

25 9- • Multicomponent aird/or multilayered capsules with diameters comprised between 
1000 microns and 15 nanometers, resulting from the break up of tlie jet generated by 
the procedures described in claims 7 and 8. . 
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